Cadmium (Cd) is a well-known hepatotoxic environmental pollutant. We used rat hepatocytes as a model to study oxidative damage induced by Cd, effects on the antioxidant systems, and the role of N-acetylcysteine (NAC) in protecting cells against Cd toxicity. Hepatocytes were incubated for 12 and 24 h with Cd (2.5, 5, 10 μM). Results showed that Cd can induce cytotoxicity: 10 μM resulted in 36.2% mortality after 12 h and 47.8% after 24 h. Lactate dehydrogenase, aspartate aminotransferase, and alanine aminotransferase activities increased. Additionally, reactive oxygen species (ROS) generation increased in Cd-treated hepatocytes along with malondialdehyde levels. Glutathione concentrations significantly decreased after treatment with Cd for 12 h but increased after 24 h of Cd exposure. In contrast, glutathione peroxidase activity significantly increased after treatment with Cd for 12 h but decreased after 24 h. superoxide dismutase and catalase activities increased at 12 h and 24 h. glutathione S-transferase and glutathione reductase activities decreased, but not significantly. Rat hepatocytes incubated with NAC and Cd simultaneously had significantly increased viability and decreased Cd-induced ROS generation. Our results suggested that Cd induces ROS generation that leads to oxidative stress. Moreover, NAC protects rat hepatocytes from cytotoxicity associated with Cd.
Introduction
Cadmium (Cd) is a hazardous environmental and industrial toxicant that has been classified as a type I carcinogen by the International Agency for Research on Cancer and the US National Toxicology Program [32] . Cd accumulates in soil and water before entering the food chain and accumulating in the final links. Human exposure occurs mainly through cigarette smoke, occupation, food, water, and dermal absorption [25] . The toxic effects of Cd depend on the dose, concentration, route, and exposure time [4, 6] . In the human body, Cd has a biological half-life of more than 20 years. Cd is toxic to several tissues such as kidney, liver, lung, testis, and bone. Most notably, Cd causes hepatotoxicity and nephrotoxicity following acute and chronic exposure, respectively. The mechanisms responsible for Cd toxicity are dependent on cell type. However, the mechanism by which Cd induces cytotoxicity remains unclear. Several studies have shown that Cd modulates toxic effects at least through oxidative stress-associated mechanisms. Oxidative stress caused by excessive reactive oxygen species (ROS) production can damage tissues and cells by altering lipid peroxidation as well as protein or nucleic acid structure and function [30] , interfering with antioxidant enzymes [16] , inhibiting energy metabolism [27] , altering thiol proteins [1] , and affecting enzyme (superoxide dismutase, catalase) activities [21] . Cd has only one oxidation state and thus cannot generate free radicals directly. However, Cd can indirectly promote the generation of ROS such as superoxide anions, hydroxyl radicals, and hydrogen peroxide [29] . Lopez et al. [24] reported that Cd induces ROS generation and lipid peroxidation in cultured cortical neurons. Odewumi et al. [32] found that Cd damages cultured rat liver cells. Nemmiche [29] suggested that Cd can induce oxidative stress in Wistar rat blood, liver, and brain. These findings suggest that oxidative stress is important for Cd-associated toxicity. Reagents such as hesperetin [20] , quercetin [34] , selenium [30] , N-acetylcysteine (NAC) [32] , and diallyl tetrasulfide [28] act as chelators and/or antioxidants, and have been used to prevent Cd-induced cytotoxicity in 486 Jicang Wang et al.
animal models or cell lines. In the present investigation, we examined the ability of Cd to affect ROS generation and oxidative stress in rat hepatocytes. We also assessed the beneficial role of NAC in protecting cells against Cd-induced toxicity and ROS production.
Materials and Methods

Materials
Cadmium acetate (CdAC 2 ); 2,7-dichlorodihydrofluorescein diacetate (H 2 DCF-DA), penicillin, and streptomycin were purchased from Sigma-Aldrich (USA). Insulin, fetal bovine serum (FBS), penicillin-streptomycin solution, and Leibovitz-15 (L-15) medium were obtained from Gibco Laboratories (USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and trypsin were from Amresco (USA). Lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT), malondialdehyde (MDA), glutathione (GSH), glutathione peroxidase (GPx), glutathione S-transferase (GST), glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT) kits were purchased from Jiancheng Bioengineering Institute (China). Cell culture plates were obtained from Corning (USA). Other reagents (for example: NaCl, KCl) used were available locally and of analytical grade.
Hepatocyte isolation, culture, and treatment Rat hepatocytes were prepared by trypsin perfusion as previously described by Lin [22] with some modifications. Sprague-Dawley rats were anesthetized with sodium pentobarbital (40 mg/kg body weight; intraperitoneal injection). The liver was perfused through the portal vein at a flow rate of 25 mL/min with 150 mL of 25 mM sodium phosphate buffer (pH 7.6) to remove the blood. The buffer was replaced with 200 mL of the same buffer supplemented with 0.18% trypsin, 40 mM CaCl 2 , and 5 mg of trypsin inhibitor, and the liver was perfused for another 10 min at a rate of 18 mL/min. To produce a single-cell suspension of hepatic parenchymal cells, the liver was removed, passed through a sieve (stainless stell mesh), washed (phosphate buffer solution), suspended in Percoll [19] , and centrifuged (130 × g for 15 min at 4 o C). The hepatocytes were then resuspended and washed twice with washing medium (L-15 medium). Cell viability was determined by trypan blue exclusion and was higher than 95%. After a final wash, the isolated hepatocytes were resuspended at a density of 5 × 10 5 cells/mL in L-15 medium (pH 7.6) supplemented with 10% FBS, 5 mg/L insulin, 4 mg/L dexamethasone, 100,000 IU/L penicillin, and 100 mg/L streptomycin. The cells (2.5 × 10 6 cells) were plated in collagen-precoated 6-well culture plates. The cell cultures were maintained at 37 o C in a humidified 5% CO 2 -air atmosphere. After 2 h of incubation, the cultures were washed with serum-free L-15 medium and then incubated in L-15 medium (with serum) for 20 h before being used for subsequent experiments. Next, the cell cultures were washed with L-15 medium and incubated with serum-free L-15 medium containing 0, 2.5, 5, or 10 μM Cd for a specific period of time (0.75, 1.5, 6, 12 or 24 h). NAC (1, 2 mM) was also added simultaneously with the Cd for 1.5 or 24 h.
Cell viability assay
After treatment with various concentrations of Cd for 12 or 24 h, hepatocyte viability was measured with an MTT assay as previously described [26] . The cells were washed with phosphate buffer saline (PBS) and incubated at 37 o C for 2 h in fresh culture medium containing MTT (100 μL/mL of medium). The hepatocytes were then washed with PBS and lysed with dimethylsulfoxide (DMSO). Colored formazan crystals that formed after the conversion of tetrazolium salt by mitochondrial dehydrogenases were solubilized in DMSO and the optical density was measured by spectrophotometry with microplate reader (Tecan, Australia) at 570 nm.
Assessment of LDH, AST, and ALT
After hepatocytes were treated with Cd, the medium from each well was collected to measure the activities of LDH, AST, and ALT that had been released using commercial kits.
Measurement of ROS production
H 2 DCF-DA was used to measure ROS formation. H 2 DCF-DA enters cells where it is transformed into 2,7-dichlorodihydrofluorescein (H 2 DCF) by intracellular stearases. H 2 DCF is then oxidized into fluorescent DCF by hydrogen peroxide. Thus, the fluorescent intensity is proportional to the amount of peroxides produced by the cells. Following exposure to Cd, the hepatocytes were trypsinized and washed with ice-cold PBS. Afterward, 1 mL of PBS containing 50 μM H 2 DCF-DA was added and the cells were incubated for 30 min at 37 o C. Fluorescence emission from DCF was analyzed by FACSscan flow cytometry by the fluorescence intensity (FL-1, 530 nm).
Cell homogenate preparation
After different treatments, the hepatocytes were trypsinized, harvested, and pelleted by centrifugation (3,000 × g for 5 min at 4 o C). The cells were resuspended in isotonic Tris HCl buffer (20 mM, pH 7.4), centrifuged at 3,000 × g for 5 min at 4 o C, and rinsed twice with the Tris HCl buffer. Next, the cells were lysed in hypotonic Tris HCl buffer by five freeze thaw cycles. The resulting cell homogenate was centrifuged at 3,000 × g for 10 min at 4 o C. The supernatant was stored at −80 o C for the subsequent biochemical assays as described by Nzengue et al. [31] . 
Quantitative protein determination
Protein content in the supernatant of cell homogenate preparation was measured by the Bradford method using crystalline BSA as a standard as previously described [38] .
Estimation of lipid peroxidation
Lipid peroxidation was estimated by measuring thiobarbituric acid reactive substances (TBARS) and expressed in terms of MDA content according to the method of Esterbauer and Cheeseman [9] . Briefly, a 200-μL aliquot of hepatocytes supernatant (10%, w/v) was mixed thoroughly with an aqueous solution of thiobarbituric acid (0.5%, 1 mL) and heated at 100 o C for 30 min in a water bath. The suspension was cooled to room temperature, and then centrifuged at 3,500 × g for 10 min at room temperature. The resulting pink supernatant was analyzed by spectrophotometry at 532 nm. TBARS concentration of the samples was calculated using the extinction coefficient of MDA (1.56 × 10 5 M
) given that 99% of TBARS exists as MDA.
Determination of intracellular reduced GSH levels
GSH levels in all the experimental groups of hepatocytes were measured as previously described by Ellman [8] . A 500 μL of hepatocyte supernatant and 2 mL 5% TCA were mixed to precipitate the protein contents of the suspension. After centrifugation (10,000 × g for 5 min, room temperature), the supernatant was collected and combined with 5,5´-Dithiobis-(2-nitrobenzoic acid) (DTNB) solution (Ellman's reagent). Absorbance was measured at 412 nm. A standard curve was generated using different known concentrations of GSH solution (0, 20, 40, 60, 80, 100 μmol/L) and used to calculate GSH contents of the hepatocytes.
Assessment of antioxidant enzyme activity
GPx activity was assayed as previously described by Flohe and Ginzler [10] . The reaction between GSH remaining after GPx action and 5,5´-dithiobis-2-nitrobenzoic acid forms a complex with a maximum absorbance at 412 nm. GST activity was determined spectrophotometrically using dichloro-2,4-dinitrobenzene as a substrate [13] . GR activity was measured according to the method of Smith et al. [38] . GR can utilize NADPH to convert metabolized glutathione (GSSG) into reduced GSH. SOD activity was assessed according to the method of Kakkar et al. [17] in which the inhibition of NADPH-phenazine methosulphate nitroblue tetrazolium formazon formation of was measured spectrophotometrically at 560 nm. CAT activity was assayed colorimetrically using dichromate acetic acid reagent as previously described by Bonaventura et al. [3] .
Statistical analysis
All results are presented as the mean ± standard deviation (SD). Differences were assessed using an analysis of variance (ANOVA) and group mean values were compared by Duncan's multiple range test (DMRT). P values of 0.05 or less were considered significant.
Results
Effect of Cd on cell viability
The effect of Cd on rat hepatocyte viability is presented in Fig. 1 . Cell viability was reduced in Cd-treated hepatocytes compared to normal hepatocytes incubated in L-15 medium alone. The results showed that different concentrations of Cd (2.5∼10 μM) significantly decreased viability of the rat hepatocytes (p < 0.01).
Effect on marker enzyme activity LDH, AST, and ALT activities are shown in Fig. 2 . After 12 h, the level of LDH and AST activities significantly increased after treatment with 5 and 10 μM Cd. ALT activity significantly increased after treatment with 2.5, 5, and 10 μM Cd (p < 0.01). The levels of LDH, AST, and ALT activity significantly increased after treatment with 5 and 10 μM Cd for 24 h (p < 0.01).
Effect of Cd on ROS generation
To evaluate the involvement of ROS in the development of Cd-induced oxidative stress in the hepatocytes, we monitored ROS generation over time. The hepatocytes were exposed to 5 μM Cd, and the level of DCF fluorescence after 0.75, 1.5, 6, 12, and 24 h was monitored by flow cytometry. As shown in panel C in Fig. 3, ROS Fig. 3 . Effect of Cd on reactive oxygen species (ROS) production. Hepatocytes were treated with 5 μM of Cd for 45 min or 1.5, 6, 12, and 24 h. The cells were then stained with DCFH2-DA. Intracellular ROS levels were measured by flow cytometry as described in the Materials and Methods section. Results are expressed as a representative histogram (A, control; B, 5 μM Cd; respectively 1.5 h) and mean fluorescence obtained from the histogram statistics (C). Each bar represents the mean ± SD (n = 3). **p < 0.01 and *p < 0.05 compared to the control. DCF: dichlorofluorescein, FITC: fluorescein isothiocyanate.
Fig. 2. Effects of Cd on (A) lactate dehydrogenase (LDH) activity, (B)
aspartate aminotransferase (AST) activity, and (C) alanine aminotransferase (ALT) activity in rat hepatocytes. Cells were incubated with 0, 2.5, 5, and 10 μM Cd for 12 and 24 h. Each experiment was repeated six times and data are expressed as the mean ± SD (**p < 0.01).
generation increased significantly as early as 0.75 h after Cd exposure, peaked at 1.5 h, and began to decrease thereafter. ROS production eventually dropped below that found in the untreated control at 12 and 24 h.
Oxidative stress markers
Two oxidative stress markers were evaluated to monitor oxidative changes in the hepatocytes after 12 or 24 h of incubation with various concentrations of Cd. The panel A in Fig. 4 shows GSH levels in the hepatocytes. This protein is thought to offer cytoprotection against Cd toxicity. Our results showed that GSH levels significantly decreased after treatment with 5 and 10 μM Cd for 12 h, but increased after treatment with 5 and 10 μM for 24 h (p < 0.05 or p < 0.01). MDA levels increased significantly only after 24 h of treatment with 10 μM Cd (panel B in Fig. 4 ), indicating that Cd induced lipid peroxidation in the hepatocytes (p < 0.05).
Antioxidant enzyme activity
GPx activity significantly increased after treatment with 10 μM only after 12 h, but decreased after exposure to 2.5, 5, and 10 μM for 24 h (p < 0.01) (panel A in Fig. 5) . A negative correlation was observed between GPx activity N-acetylcysteine attenuates cadmium-induced oxidative stress 489 Fig. 4 . Effects of Cd on (A) glutathione (GSH) and (B) malondialdehyde (MDA) levels in rat hepatocytes. Cells were treated with 0, 2.5, 5, and 10 μM Cd for 12 and 24 h. Each experiment was repeated six times and data are expressed as the mean ± SD (*p < 0.05 and **p < 0.01).
Fig. 5. Effects of Cd on (A) glutathione peroxidase (GPx), (B) glutathione S-transferase (GST), (C) glutathione reductase (GR), (D)
superoxide dismutase (SOD), and (E) catalase (CAT) activities. Hepatocytes were treated with 2.5, 5, and 10 μM Cd. GPx, GST, GR, SOD, and CAT activities were measured after 12 and 24 h. Each experiment was repeated six times and data are expressed as the mean ± SD (*p < 0.05 and **p < 0.01). and GSH content. GST and GR activities decreased after 12 or 24 h of incubation (panels B and C in Fig. 5 ) but not significantly. As presented in panel D in Fig. 5 , SOD activity increased after the hepatocytes were treated with 5 and 10 μM Cd (p < 0.01). CAT activity significantly increased after exposure to 10 μM Cd for 12 h. After 24 h of incubation with 5 and 10 μM Cd, CAT activity was also significantly elevated (p < 0.05 or p < 0.01; panel E in Fig.  5 ). Taken together, these findings demonstrate that Cd affected intracellular GPx, CAT, and SOD activities but not GST or GR activities.
Influence of NAC on cytotoxicity and ROS generation induced by Cd
Rat hepatocytes were incubated with 1 or 2 mM NAC along with 2.5, 5, or 10 μM Cd simultaneously for 12 h. NAC significantly increased hepatocyte viability reduced by Cd in a dose-dependent manner (p < 0.05 or p < 0.01; Fig. 6 ). To determine whether or not oxidative stress was linked to Cd treatment, the hepatocytes were incubated with 2 mM NAC and 5 μM Cd for 1.5 h when Cd-induced ROS generation peaked. The effect of NAC on ROS production was monitored by DCFH 2 -DA staining. As shown in Fig. 7 , incubation with NAC resulted in almost complete inhibition of Cd-associated ROS generation at 1.5 h.
Discussion
Cd can damage rat liver cells by inducing oxidative stress and mitochondrial dysfunction in vivo [23] . We decided to use rat primary hepatocytes in our research. The biggest advantage of primary cultured cells is that these cells better represent live tissues. Biological traits of the cells do not change much when cultured. Thus, primary cultures are ideal for in vitro toxicity studies. Cell viability is directly associated with membrane integrity and cell membrane structure. In the present study, cellular damage was detected by measuring the percentage of cell viability and the activities of membrane enzymes LDH, AST, and ALT. The levels of them are related to the status and function of hepatic cells. High levels of LDH, AST and ALT are hallmarks of liver damage. Changes in the activities of these enzymes have been used to study cell viability and cell membrane permeability [37] . In the present study, incubation of hepatocytes with Cd reduced the percentage of cell viability compared to untreated hepatocytes. The activities of LDH, AST, and ALT also increased in the hepatocytes incubated with Cd. The intracellular antioxidant system includes different free radical scavenging antioxidant enzymes along with non-enzyme antioxidants such as GSH. GPx, GST, GR, SOD, and CAT mutually form a defense against ROS. GPx can convert H 2 O 2 and GSH into water and GSSG. GR and GPx also maintain the intracellular redox status [18] . SOD and CAT are the most important enzymes that act against the toxic effects of oxygen metabolism. SOD transforms O 2 -into H 2 O 2 and H 2 O [37] . CAT is a hemeprotein that catalyses the reduction of H 2 O 2 into water and oxygen, and thus protects the cell from oxidative damage by H 2 O 2 and OH [5] . Thus, these cellular antioxidants have important roles in the elimination of free radicals, and equilibrium exists between these factors under normal physiological conditions. When excess free radicals are produced due to toxin exposure, this equilibrium is lost and oxidative insult consequently occurs [37] . Controversies exist in the literature as to whether Cd promotes the increase or decrease of the intracellular GSH levels [12, 24] . We observed that Cd decreased the intracellular levels of reduced GSH at 12 h but increased at 24 h after exposure. At the earlier time point (12 h), we believe that hepatocytes try to protect themselves against the Cd toxicity. And reduced GSH was thought one of the most important systems present in the hepatocytes. After a longer period of time (24 h), the reduced GSH levels increased. Cd may induce the transcription of genes involved in GSH biosynthesis in some cell types as indicated by results obtained by Nzengue [32] and Hatcher et al. [14] in HaCaT and A459 cells. Our results demonstrated that Cd exposure increased SOD and CAT activities after 12 and 24 h. GPx activity increased at 12 h and decreased at 24 h. Increases in the activities of SOD, CAT, and GPx suggest that there are groups of hepatocytes that are resistant to Cd because the cells are able to produce enzymes that confer protection against oxidative stress. Increases in these enzymatic activities could be due to elevated enzyme expression. Oxidative damage provokes cellular responses in an effort to compensate for the overload of ROS formation [7] . Data showing the effect of Cd on antioxidant enzymes are contradictory [31, 35] . This diversity of results may be due to differences among cell types, the Cd concentration used, and exposure time. The reason why GPx activity decreased at 24 h in the current study may be due to the fact that Cd interacts directly with GPx which decreases the efficiency of the enzyme to remove peroxides and H 2 O 2 . Funakoshi et al. [24] reported that lipid peroxidation in hepatocytes increases after 12 h of Cd exposure. Elevated ROS levels, however, are observed prior to increases in lipid peroxidation. If present in excess, ROS initiate peroxidative cell damage [11] . Bolduc along with Shih et al. [2, 36] reported that 100 or 50 μM Cd elicited a burst of ROS production at 3 h in normal human lung fibroblast MRC-5 cells, and 30 min in human enterocytic-like Caco-2 cells. These findings suggest that ROS helps increase lipid peroxidation promoted by Cd exposure. Based on data from our present study, there appeared to be an ROS burst occurring within 2 h. The level of ROS was significantly decreased at 12 and 24 h in our investigation. However, the GSH level along with the activities of SOD and CAT were increased at the same time. These results indicate that increased antioxidant and enzyme activities following Cd treatment may be due to decreased ROS generation. Liu et al. [23] observed that GSH content negatively correlates with ROS production in vivo after rats were exposed to Cd for 16 h, and speculated that ROS has a vital role in the inhibition of antioxidant enzyme activity. Several mechanisms underlying Cd cytotoxicity have been proposed including lipid peroxidation, interference with mitochondrial function, and interaction with cellular thiol ligands [15] . Our data support the hypothesis that oxidative stress serves as a common mediator of Cd cytotoxicity. NAC is known as a precursor for GSH synthesis and as an antioxidant agent able to scavenge ROS [39] . In our study, a significant increase in cellular viability and decreased ROS generation were observed when the rat hepatocytes were incubated with Cd and NAC at the same time. This observation was in agreement with those from a previous study in anterior pituitary cells [33] , indicating that either NAC accumulation during the pre-incubation period was insufficient or that formation of an impermeable NAC− Cd complex is required for protection. Hepatocytes pretreated with NAC and exposed to Cd in the absence of NAC were not protected against Cd cytotoxicity (date not shown). Nzengue et al. [15, 31] suggested that cellular viability is significantly decreased when HaCaT and A549 cells are incubated with Cd and NAC at the same time. In they experiments, NAC restored cellular viability when incubated with the cells prior to Cd exposition. A cumulative toxic effect of NAC and Cd under experimental conditions could result from an interaction between NAC and Cd in HaCaT cells or the culture medium. NAC can chelate Cd and facilitate its uptake by cells, leading to increased cellular Cd levels.
In conclusion, our results suggested that ROS is involved in the development of oxidative stress generated by Cd. Cd can induce lipid peroxidation and change the activities of antioxidant enzymes. NAC can help protect Cd-exposed cell populations against the toxic effects of this metal.
